We analyze the lepton number violating (LNV) meson decays that arise in a TeV scale Left Right Symmetry model. The right handed Majorana neutrino N along with the right handed or Standard Model gauge bosons mediate the meson decays and provide a resonant enhancement of the rates if the mass of N (MN ) lies in the range ∼ (100 MeV − 5 GeV). Using the expected upper limits on the number of events for the LNV decay modes M
INTRODUCTION
The observation of light neutrino masses and mixings provide unambiguous experimental evidence for the existence of beyond standard model (BSM) physics. So far, the solar and atmospheric mass square differences ∆m 2 12 , |∆m 2 13 | and the mixing angles θ 12 , θ 23 and θ 13 have been measured with reasonable accuracy [1] . On the other hand, the cosmological constraints on the sum of light neutrino masses [2] guarantees the SM neutrino masses to be less than O(eV). One of the most attractive framework to explain the small light neutrino masses is the Minimal Left-Right Symmetry Model (MLRSM) [3] . The model offers several novel features including high scale parity symmetry, Majorana mass of the light and heavy neutrinos, explanation of parity violation in SM, existence of the right handed current etc. The light neutrino masses in this model are generated from dimension-five lepton number violating (LNV) operator [4] that violates lepton number by two units and hence their Majorana nature can be confirmed by observing the distinctive LNV signal at experiments, such as neutrinoless double beta decay (0νββ) [5] [6] [7] [8] . Additionally, the LNV signature can also be tested at colliders from direct searches [9] [10] [11] [12] [13] , as well as through indirect searches from meson and tau decays [14] [15] [16] [17] [18] [19] . While the light neutrinos can give dominant contribution in 0νββ, the LNV searches at collider and meson decays are however not sensitive to such small eV mass scale. Hence, a positive result in the latter experiments will non-arguably prove the existence of lepton number violating BSM states.
Contributions of BSM states of TeV or lighter masses to 0νββ, can be significantly large [20] . The same feature is also applicable for a TeV scale MLRSM, where the right handed neutrino N together with a right handed gauge boson W R can give promising signals in 0νββ and collider searches [21] [22] [23] [24] [25] [26] [27] [28] . In addition, W R can also be looked for, through dijet searches [29, 30] . Right handed Majorana neutrinos with mass in the hundreds of MeV-few GeV range, can be produced as an intermediate on mass shell state, resulting in a resonance enhancement of the LNV meson decay rates. The detailed study of these is the main objective of this paper. We follow a most generic approach, taking into account all the contributions arising from right handed, left handed currents, as well as their combinations. We obtain constraints on the mass of W R that may be feasible from a number of ongoing and future experimental searches of meson decay modes with like sign dileptons, such as K → π, D s → π, D → π and B → π. The huge number of D s meson decays expected in the SHiP experiment will result in the most stringent constraint on W R mass, corresponding to M N = 1.46 GeV. The paper is organized as follows: we first review the basic features of the MLRSM, following which we discuss in detail the contributions of the right handed neutrino and right/left handed gauge bosons in meson decays. The total decay width of the heavy Majorana neutrino having a mass in between that of the pion and the B meson, is computed. We then derive the limits on the mass of W R that are expected from the upper limits on the number of events of various LNV meson decays that may be achievable in some of the ongoing and future experiments. Finally we provide our conclusions. In the Appendix, we provide some details of the calculations.
LEFT-RIGHT SYMMETRIC MODEL
The minimal Left Right Symmetric Model is based on the gauge group [3] , with the fermions assigned in the doublet representation of SU (2) L and SU (2) R . In addition to the particle content of the Standard Model (SM), the model contains three right handed Majorana neutrinos N R , and the additional gauge bosons W R and Z . The electric charge Q and the third components of weak isospins I 3L and I 3R are related as
The scalar sector of this model consists of the bi-doublet Φ and the Higgs triplets ∆ L and ∆ R , where the Higgs states have the following representations: Φ(1, 2, 2, 0), ∆ L (1, 3, 1, +2) and ∆ R (1, 1, 3, +2). The bi-doublet, being neutral under B − L gauge group is not sufficient to break this gauge symmetry. Hence, additional Higgs triplet fields are required. The Higgs field ∆ R takes vacuum expectation value v R and breaks
In the Yukawa sector, the bi-doublet couples to the fermion bilinearsQ L Q R andψ L ψ R , and gives masses to quarks and leptons through the spontaneous symmetry breaking, where its VEVs are denoted as:
On the other hand, the Higgs triplet ∆ R couples with the right handed neutrinos N R and generates the Majorana mass of heavy neutrinos during the symmetry breaking. While the heavy neutrino N R contributes to the light neutrino mass generation via Type-I seesaw mass [31, 32] , the triplet Higgs ∆ L generates the Majorana mass of light neutrinos via Type-II seesaw [33] . The VEV of Φ field breaks the SM gauge group SU (2) L × U (1) Y to U (1) Q . Hence, the different VEVs of bi-doublets and triplets follow the hierarchy v L κ 1,2 v R . The Yukawa Lagrangian, that generates the lepton masses have the following form:
FIG. 1. The Feynman diagrams for the lepton number violating meson decays. These processes produce resonance enhancement. See text for details. In the above C is the charge-conjugation matrix, C = iγ 2 γ 0 , andΦ = τ 2 Φ * τ 2 , with τ 2 being the second Pauli matrix, and γ µ the Dirac matrices. Upon symmetry breaking, this gives rise to the following light-heavy mass matrix,
In the seesaw approximation [31] [32] [33] , this leads to the following light neutrino mass matrix (up to
where the Dirac mass
The mass matrix given in Eq. (2), can be diagonalized by a 6 × 6 unitary matrix, as follows:
where
R ), the mixing matrix V has the following form,
In the above, the expansion parameter ζ has the follow-
The order parameter is defined as, θ ≡ ||ζ|| = T r(ζ † ζ). In the subsequent analysis, we denote the mixing matrix as
Gauge Sector and Charged Current Lagrangian
In addition to the SM gauge bosons, this model consists of a right handed charged gauge boson, W R and an additional neutral gauge boson, Z . The SM gauge boson W L and W R mix with each other, with the mixing
In the limit of small mixing ξ 1, the physical masses are
where, g ≡ g L = g R and M Z ∼ 1.7M W R . In our choice of Left-Right model, we assume discrete parity as a symmetry. The charged current Lagrangian for the quarks have the following forms:
where i = (u, c, t) correspond to the up type quarks and j = (d, s, b) represent the down type quarks. In our subsequent analysis, we consider V R−CKM to be proportional to V CKM with the proportionality factor β ∼ O(1). The charged current Lagrangian for the lepton-neutrino has the following form,
Note that, both the masses of the RH neutrino and W R gauge boson, are proportional to the SU (2) R breaking scale. However, while the W R mass and the right handed current are dictated with the gauge coupling g R = g, the RH neutrino mass M N is governed by the Yukawa coupling f R , therefore allowing the possibility to have a large hierarchy between W R and N masses. For sufficiently small M N and TeV scale W R , this can give large contribution in meson decays. In this analysis, we do not restrict ourselves to a particular parameter range. Instead we consider the possibility that the heavy neutrino N is of 100 MeV-5 GeV scale, where the meson decays can be resonantly enhanced. We follow a generic approach for the calculation of branching ratios by taking into account all the contributions that can originate from MLRSM.
We show the complete list of decay modes of N along with the corresponding rates in the Appendix. The neutral currents which will also contribute in some of the decay channels of the right handed neutrino, are given below: [35, 36] 
where,
The explicit interaction terms with the leptons and neutrinos are given in [35] .
IMPRINT OF MAJORANA SIGNATURE IN MESON DECAYS
In the simplest LRSM, the heavy neutrinos N i are Majorana, that inherently carry lepton number violation. Together with the gauge bosons W R , or even with W L , they can mediate the lepton number violating me-
, where M 1 is a pseudoscalar, while M 2 can be a pseudoscalar or a vector meson. We assume that there are three RH neutrinos with masses in the 100 MeV − 5 GeV range, that contribute in these meson decays. The Feynman diagrams for these decays are shown in Figs 1 and 2. The different contributions are mediated through Fig. 1(a) ), while those in Fig. 1(b) and Fig. 1(c) are mediated by W L − N i − W R and W R − N i − W L , respectively. All these contributions depend on the active-sterile neutrino mixing S j Ni and the RH neutrino mixing V j Ni , while the diagram shown in Fig 1(d) , is mediated with W R − N i − W R , and depends on V j Ni .
The diagram in Fig. 2 (and a similar diagram with two W L 's, as well as the diagrams with doubly charged Higgs triplets exchange) will give a small contribution, as this is not a s-channel resonance production diagram. In addition, there can also be additional diagrams with W L − W R mixing in one of the legs. These however, will be small compared to the diagrams discussed above, as these come with a further suppression factor of tan ξ, due to the W L − W R mixing. Hence, we do not consider these in our analysis. Further, note that, the contributions from light neutrino exchange will be negligibly small as they will not be resonantly enhanced.
Below, we explicitly write the amplitudes for the LNV decays of pseudoscalar mesons to a final pseudoscalar as well as to a vector meson. For each of these decays, the LL, RR, LR and RL contributions are a sum of two terms, where the second term is obtained by interchanging the momenta k 1 with k 2 of the 2 leptons, as well as interchanging the leptonic mixing elements. Hence for decay to a pseudoscalar (vector) meson we may write,
where, h 1 h 2 can be of different chiralities LL, RR, LR, RL.
where k 3 and p are the four momentums of M 
In the above, the decay rate Γ P is
In Eqs. (14)- (17), G F is the Fermi coupling constant, V j Ni are the elements of the mixing matrix for N i , S j Ni are the elements between the neutrino of flavor state ν j and mass eigenstate
are the Cabbibo-Kobayashi-Maskawa (CKM) matrix elements at the annihilation (creation) vertex of the meson
and M Ni , Γ Ni are the mass and decay width of the heavy neutrino N i . For the case of a vector meson in the final state, the amplitudes are as follows:
The LR contributions are
In the above, λ (k 3 ) is the polarization vector of meson M 2 and k We compute the total width of N i including all possible decay channels, that are listed below. We consider only tree level diagrams for the computation. The explicit expressions of the partial decay widths are given in the Appendix. In addition to the SM gauge bosons W L , Z, the gauge bosons W R , Z will also contribute in the following two and three body decays of RH neutrinos via charged current and neutral current interactions.
• RH neutrino decays to a charged pseudoscalar meson: N i → − P + , where = e, µ, τ and
• RH neutrino decays to a neutral pseudoscalar meson: N i → ν P 0 , where ν are the flavor eigenstates ν e , ν µ , ν τ and P 0 = π 0 , η, η , η c .
• RH neutrino decays to a charged vector meson:
• RH neutrino decays to neutral vector meson: N i → ν V 0 , where ν = ν e , ν µ , ν τ and
Three body leptonic decays of N i
•
2 , where 1 , 2 = e, µ, τ .
• N i → ν 1 νν, where ν 1 = ν e , ν µ , ν τ .
The total decay width of heavy majorana neutrino N i is given by
As each of N i are Majorana, they can also decay to the charge conjugate of the decay modes
2 ν 2 with the same partial width, resulting in a 2 factor associated with these widths. In deriving the above relations, we neglect the contributions from the small mixing between W L − W R and Z −Z . We show the total decay width of the heavy neutrino N in Fig. 3 for different choices of W R masses. In our analysis we consider the following mixing texture:
• V R = I, i.e., the RH neutrinos N i 's are in the mass basis. The numerical values of the elements of the PMNS mixing matrices taken from Ref. [37] .
LIMIT ON MW R FROM ONGOING AND FUTURE EXPERIMENTS IN PRESENCE OF HEAVY MAJORANA NEUTRINOS
We consider the LNV signatures from decay modes M
As stated before, the contributions from LL, RL, LR diagrams depend on the active-sterile neutrino mixing S, whereas the RR contribution depends on the RH mixing matrix V R . The active-sterile mixing from Eq. ), their momentum ( p M1 ) and the branching ratio for these mesons to the LNV modes. Assuming the parent meson M 1 decays at rest, the expected number of signal events is [38] :
where for = e, N i = N 1 and for = µ, N i =N 2 , the factor 2 is due to inclusion of the charge conjugate process M + 1 → + N i and P N , is the probability of the RH neutrino N i to decay within a detector of the length L D given by:
In the above,
is the momentum of N i in M 1 rest frame. For the meson M 1 produced with fixed boost β, the energy of N i is then given by,
where E * Ni , p * Ni are the energy and momentum of N i in rest frame of M 1 and γ =
. θ * Ni is the emission angle of particle N i in the rest frame of M 1 , which is measured from the boost direction β. The energy E Ni of the N i in the boosted M 1 frame lies within the range,
Hence, the distribution of the energy of N i can be written as follows:
The signal event for M
in the lab-frame is:
, is the probability of N i to decay within the detector length L D , after taking into account the boost factor. Since the LNV decays will be rare, the expected number of events for these processes can be assumed to follow a Poisson distribution. Using the method of Feldman and Cousins, we get the average upper limit on the number of events at 95% C.L., assuming zero background events and no true signal event to be N event = 3.09 [39] . Note that the theoretical estimates of the number of events (given in Eqs. (23) or (24), corresponding to decay of parent meson at rest or in flight respectively) are functions of the mass parameters M Ni and M W R . If Majorana neutrinos having a mass such that they can be produced as an on shell intermediate state in the LNV meson decay processes exist, then, equating the numerical upper limit on the number of events to the theoretical expressions, results in constraints on M W R , corresponding to specific M Ni values for each of the following experiments.
• NA62 NA62 is an ongoing experiment at CERN that will produce a large number of K + mesons [40] . The primary SPS 400 GeV proton beam, aims on a target, producing a secondary high intensity hadron beam with an optimum content of K + (≈ 6%). The expected number of K + decays in the fiducial volume is 4.5 × 10 12 per year. Assuming three years of running, N K + = 1.35×10
13 . The detector length L D ≈ 170 m and the produced K + mesons will decay in flight, carrying a momentum of 75 GeV. Non-observation of signal events for the decay mode K + → + + π − at NA62 can be used to set limits on M W R for M Ni ∼ 350GeV. Using Eq. (24), we derive the 95% C.L limit on M W R for different M Ni values, shown in Fig. 4(a) for the case of decay to like sign di-electrons. From this ee channel, for a heavy Majorana neutrino mass M N1 0.38 GeV, the RH gauge boson mass can be constrained to be M W R > 4.6 TeV. For the µµ channel, for heavy neutrino mass M N2 0.35 GeV, a limit of M W R > 4.3 TeV can be obtained and is shown in Fig. 5(a) .
• Belle II
The asymmetric SuperKEKB facility is designed to collide electron and positron beams such that the centre of mass energy is in the region of the Υ resonances. An upgrade of Belle, the newly completed Belle II detector is expected to collect data samples corresponding to an integrated luminosity of 50 ab −1 by the end of 2024 [41] . The expected number of charged BB pairs to be produced at 50 ab −1 is 5.5 × 10 10 [42, 43] . In addition, a large sample of charged D, D s mesons will also be accessible, with N D + = 3.4×10 10 and N D + s = 10 10 [43] . A direct search for heavy Majorana neutrinos in B-meson decays was performed by the Belle collaboration using a data sample that contained 772 × 10 6 BB pairs (at 711 fb −1 ) [44] . At KEKB as well as superKEKB, the energies of the e + , e − beam is sufficiently low so that the momentum of the produced B mesons as well as that for the charmed mesons will not be appreciable and the suppression from high momentum of the decaying mesons in the number of events will be absent. Using the much larger expected number of mesons to be produced at Belle II (N D + , N D The produced B and D mesons will decay in flight, carrying a momentum of order of 100 GeV in forward direction [48] . We take the detector length L D ≈ 20 m. The tightest constraint expected from LHCb are also from D s decays, M W R ≥ 4.4 TeV for heavy Majorana neutrino mass M N1 1.5 GeV, while for a heavier neutrino, M N1 3.8 GeV, the constraint is weaker, M W R ≥ 2.5 TeV.
• FCC-ee
The Future Circular Collider (FCC-ee) [49] will collect multi-ab −1 integrated luminosities for e + e − collisions at c.m.energy √ s ≈ 91 GeV. The expected number of Z-bosons is 10 12 − 10 13 . The number of charged B mesons from Z decays can be estimated as,
where N Z ∼ 10 13 , Br Z → bb = 0.1512 [50] , f u = 0.410 [51] is the fraction of B + fromb quark in Z decay. The B mesons produced at FCC-ee will have an energy distribution peaked at
Hence we can calculate the number of signal events using Eq. (24) , where the detector length is taken to be, L D = 2 m. At FCC, for a heavy Majorana neutrino of mass M N1,2 3.9 GeV, RH gauge boson mass upto M W R 2 TeV can be excluded using the decay modes B + → + + π − .
• SHiP
The SHiP experiment is a newly proposed general purpose fixed target facility at the CERN SPS accelerator [52] . A 400 GeV proton beam will be dumped on a heavy target in order to produce 2 × 10 20 proton-target interactions in five years. One of the goals of the experiment is to use decays of charmed mesons to search for heavy sterile neutrinos using the decay mode D
The number of charmed meson pairs that are expected to be produced in this experiment can be estimated as [53] ,
where X cc is the cc production rate, N P OT = 2 × 10 20 is the number of proton-target interaction. 1.43 GeV). The detector length is taken to be, L D = 60 m. For the 400 GeV CNGS proton beam on target, the expected momentum of the produced charmed mesons is ∼ 58 GeV [54] . The result for the constraints on M W R are shown in Fig. 4(b) and Fig. 5(b) .
From Fig. 4 and Fig. 5 it is evident that the most stringent limit in the M N ∼ 1 GeV range will be provided by SHiP with the D s /D → + + π − decay mode. In the relatively higher mass range M N ∼ 4 GeV, stringent limit can be obtained by FCC-ee, Belle-II and LHCb experiments. Besides, the ongoing NA62 can give constraint M W R > 4.6 TeV(M N1 ∼ 0.38 GeV), which is competitive with the collider bounds from LHC. Note that our numerical constraints on M W R for various experiments are obtained assuming idealized detectors with 100% detection, reconstruction efficiencies etc. The realistic constraints (expected to be weaker) will only be feasible through searches by the experimental collaborations, incorporating all these corrections.
COMPARISON WITH EXISTING CONSTRAINTS FROM OTHER EXPERIMENTS
In addition to the meson decay searches, there are other direct and indirect searches that constrain the mass of heavy neutrino N and M W R . In particular, direct collider searches, such as, LHC dijet searches for W [55] , the same sign dilepton searches [12, 13] and indirect searches, such as, 0νββ and LFV µ → eγ, give stringent constraints on the masses of the gauge boson W R and heavy neutrino N . Assuming a 75% branching ratio of W R → jj, the 13 TeV ATLAS dijet search ruled out the W R mass upto 2.9 TeV [55] . For W R that couples to two light generation of quarks through CKM type mixing, the branching ratios to of W R → jj is 60% [11] . The limit will be comparable with the reported limit from ATLAS. On the other hand, the search for same-sign dilepton at LHC is only relevant for heavy neutrino mass M N in the 100 GeV-TeV range. The reaches 2.9 TeV [13, 56] . For all the mediators M W R and M N in the TeV-few hundred GeV mass range, the LHC same sign lepton search is more constraining than 0νββ [57] . The latter is sensitive to a wide range of heavy neutrino N and RH gauge boson W R masses. The tightest bound from 0νββ M W R > 9 − 10 TeV is applicable for M N ∼ 0.1 GeV [56] . The meson decays, on the other hand, are sensitive in constraining the low mass region of RH neutrino of mass between few hundred MeV to few GeV. The ongoing experiment NA62 can constrain M W R > 4.6 TeV(M N1 ∼ 0.38 GeV), that will be more stringent than the limit provided by LHC-dijet search. The other future experiments, such as, SHiP can allow upto a very large mass M W R > 18.4 TeV(M N1 ∼ 1.46 GeV).
CONCLUSIONS
We evaluate the lepton number violating meson decays M 1 → + + M 2 within the framework of a LeftRight symmetric model. The right handed Majorana neutrinos of masses in the ∼ (100 MeV − 5 GeV) range, can result in a resonant enhancement of these processes. These neutrinos along with the left handed and right handed gauge bosons mediate these processes, with contributions from
If Majorana neutrinos in this low mass range (∼ upto few GeV), exist, then, non-observation of the LNV meson decays at the various ongoing and future experiments will result in constraints on the RH gauge boson M W R , corresponding to the Majorana neutrino mass M Ni . The ongoing experiment NA62 can provide the limit M W R > 4.6 TeV(M N1 ∼ 0.38 GeV), that is more stringent than the present collider constraint on W R . The future experiment, such as SHiP will be sensitive upto a very large mass M W R > 18.4 TeV(M N1 ∼ 1.46 GeV) which will be tighter than any collider constraint but will correspond to a low value of M N . The meson decays are sensitive for low mass right handed neutrinos (in the few 100 MeV-few GeV range) and are complementary to LHC (sensitive to few hundred GeV to TeV mass neutrinos). 1, 
